In this paper we demonstrate a new algorithm for use in Doppler Optical Coherence Tomography (DOCT) to allow the detection of flow with a peak velocity of over 1.5 m/s. Previous Doppler estimation methods have utilized a transverse Kasai (TK) autocorrelation technique which computes the phase difference between points adjacent in time at the same spatial location, hereon referred to as transversely adjacent points. The maximum detectable TK velocity is low due to the small axial scanning frequency, f a which creates aliasing. To overcome the low sampling rate, we propose using data acquired in the axial direction which has a sampling rate orders of magnitude larger. Taking an autocorrelation in the depth, or axial direction, yields a quantity that can be related to the mean backscattered frequency. We demonstrate that through subtraction of the axial autocorrelation of a moving scatterer from that of a stationary scatterer at the same spatial location, one is able to obtain the Doppler shift with a much higher non-aliased limit. We have defined this method the axial Kasai (AK) technique. Through use of the AK, we demonstrate maximum non-aliased Dopler frequency estimate on a time domain DOCT system to be increased from the TK limit of ±4 kHz to the AK limit of ±1.6 MHz. In contrast to the high detection range of the AK, the TK maintains superior velocity resolution for low flow rates. Through a combined approach with the AK we have demonstrated a dynamic frequency range of over 100 dB with a velocity detection range from 10 µm/s to over 1.5 m/s. The velocity range has been extended to span both microcirculation and cardiac blood velocities.
INTRODUCTION AND BACKGROUND
Optical Coherence Tomography (OCT) is a high-resolution, non-invasive technique to image subsurface tissue and tissue functions. 1 Resolutions of 1-10 µm have been reported. 2 OCT functions by emitting a broadband light source onto object and processing the backscattered photons via an interferometer. This signal is demodulated into inphase (I) and quadrature (Q) components and then digitized. Doppler frequency shifts can be estimated in phase sensitive Doppler OCT systems 3 (DOCT) in real-time. A Doppler shift is defined as change in frequency due to the a relative difference in velocities between a receiver and a transmitter. When applied to a moving scatterer and stationary transceiver, the backscattered Doppler shift is represented mathematically as,
where f D is the backscattered Doppler shift, v o is the velocity of the scatterer, λ is the wavelength, n t is the index of refraction of the medium, and θ is the Doppler angle defined by Figure 1 .
The Doppler frequency can be estimated through a transverse estimator which we refer to as the transverse Kasai 4, 5 (TK). The TK detects a change in phase between transversely adjacent points at the same depth across multiple axial scans (a-scan) which are separated by time interval t a . The TK is computed as, 
where f tk is the TK estimated frequency, f a is the axial scanning frequency defined as 1/t a where t a is the time taken for one axial scan, I and Q are the inphase and quadrature demodulated signals, m and n are the respective indices, and M and N are the size of the window in the axial and transverse directions respectively. The arctangent function is evaluated in all four quadrants giving a result of ±π. The the TK is then able to approximate the Doppler shift which can in turn be used for velocity estimation. From equation 2 it can be deduced that the maximum detectable frequency, before the first occurrence of aliasing, is f a /2. Time domain systems have been reported to have a-scan rates ranging from 8 to 15 kHz. 3, 6, 7 On newer swept source systems the a-scan rate has been reported to be as high as 290 kHz 8 which, with cosθ = 1 and n t = 1.33, gives a maximum velocity detection of 7 cm/s before aliasing. In order to extend the estimation range, phaseunwrapping 9 techniques can be used. These techniques can extend the detection range until the separation between aliasing rings becomes smaller than the spatial resolution of the imaging system. Though the mm/s range of the TD systems is acceptable for microcirculatory imaging, there are applications that have higher velocity requirements, for example in the coronary vasculature. What we have proposed 10 is a new method of analysis which allows the detection of an increased rate of flow on current generation Doppler OCT (DOCT) systems without need for hardware modification.
PROPOSED ALGORITHM
The maximum detectable velocity is determined by the wavelength of the light, refractive index of the medium, Doppler angle, and the time between samples or a-scan frequency. Since we have a fixed wavelength, set angle for in vivo applications, and a defined refraction index for the tissue; the sample time is the only dynamic variable. Increasing the a-scan rate is a technological challenge that is continuously being worked on. However, the sampling rate in the axial direction is orders of magnitude higher than f a . To take advantage of the fast sampling rate, we have proposed using a two dimensional (2D) approach through the use of an axial modification to the traditional Kasai estimation approach. A 2D approach has been previously applied to Doppler Ultrasound by Loupas 5 et al, but this implementation was not used to detect flow. By taking the autocorrelation of the phase in the axial direction, Loupas estimated the mean backscattered carrier frequency as a means to correct for ultrasound frequency based attenuation, a significant problem in ultrasound, and thus better obtaining a more accurate estimate from a 2D TK. However, the physics of OCT allows the detection of a change in backscattered carrier frequency as attributed to motion. This has been shown in labratory settings by other groups through the use of the STFFT.
11, 12 However, methods based on the STFFT are are computationally expensive and have very slow frame rates due to the number of points needed for estimation. 11, 12 In contrast, autocorrelation methods can be performed in real time. We have proposed the axial Kasai 10 (AK) as,
where f AK is the estimated mean backscatter frequency and f s is the sampling rate. However, in contrast to the TK, to detect a Doppler shift due to motion with the AK, a background subtraction needs to be performed. Thus the Doppler frequency can be approximated by,
where f AKmoving is the AK result for specific voxel containing scatterer's which are in motion and f AKstationary is the AK result for that same spatial location when no motion is present. Misalignments in the rapid scanning optical delayline (RSOD), wavelength dependent scattering and absorption, and non-linearity's in the demodulation process also contribute to a background axial phase change, even on stationary samples.
Other groups have implemented similar techniques 13, 14 but have not yielded the sensitivity, simplicity or the large dynamic range that we have obtained.
EXPERIMENTAL RESULTS

Equipment
Images were acquired using a time-domain DOCT system containing a 15 mW broadband light source centred at 1.3 µm with a 63 nm bandwidth. The system captured 512 axial points per axial scan depth of 1.1 mm. The axial scanning rate was f a = 8 kHz through a rapid-scanning optical delay (RSOD) line in the reference arm, which also contained a phase modulator for producing a carrier frequency of 4.3 MHz. The OCT signal was hardware demodulated and digitized at 10 MHz. The hardware demodulated I and Q signals were processed using the transverse Kasai (TK) and axial Kasai (AK) autocorrelation methods using different window sizes ranging from N = 2 to 128 and M = 2 to 128.
Flow Phantom Model
A flow phantom model was performed utilizing two different delivery methods: a gravity fed system, and an infusion pump delivering 1% Intralipid fluid to a glass capillary with 0.5 mm inner diameter. The infusion pump was able to set flow rates ranging from 0.1 mL/min to 200 mL/min, corresponding to peak center velocities of 290 µm/s to 57 cm/s. The length of the capillary was sufficient to alleviate entrance effects, and the Reynolds number was less than 2200 in all cases thus allowing laminar flow. It was assumed that the velocity profile would exhibit a parabolic profile with the peak center velocity being two times the mean velocity. Previously published results 3 have demonstrated flow rate detection as low as 7 µm/s through use of the TK.
To select an appropriate window size for the AK, a signal to noise ratio (SNR) analysis was performed on a moving flow phantom with a peak center velocity of 40 cm/s. This data set was analyzed through the center of the vessel, which was the point of peak velocity. A measure of the SNR of the AK estimate of standard deviation divided by the mean, was calculated across 8000 consecutive M-Mode a-scans. By changing the window size from N = 2 and M = 2 up to N = 128 and M = 128, an error versus window size was generated as seen in Figure 2 . To ensure reliable results, we selected a maximum of 0.05. Note that on this figure the minimum number of points occurs to obtain this occurs when M=32 and N=32, or an area of 1024 points. In order to compensate for the background axial phase change, the phantom was imaged containing stationary Intralipid prior to imaging with flow. The result from the moving AK and the stationary AK was subtracting for visualization of the Doppler frequency. An example of a corrected M-mode AK image can be seen in Figure 3A using N = 32 and M = 32. Using a fixed flow rate images were acquired with two different Doppler angles which, when corrected for refraction, were 32
• and 53
• . The corresponding velocity versus depth profile after background subtraction, referred to hereon simply as the velocity profile, was plotted in Figure 3 . This shows a consistent estimation of the velocity profile from two different angles. Finally, a 12 cm/s peak velocity phantom was analyzed, averaged over 20 a-scans, and plotted in figure 3C . Note the parabolic velocity profile occurs even with a small number of a-scans. Dynamic range of the AK algorithm was tested by varying the flow rate over 157 different velocities corresponding to Doppler shifts ranging from a few Hz to 350 MHz. Due to phase instability in the OCT system that was used, the minimum detectable AK frequency shift was fairly large when compared to the detectable shift using the TK. However, the analyzed data 10 demonstrated three distinct Doppler detection zones in which the TK, TK with unwrapping and AK were able to resolve the velocity information. Zone I could be resolved using the TK with and had a frequency range up to 4 kHz. Zone II ranged from 4 kHz up until 45 kHz and could be detected by unwrapping the aliased TK results. In Zone III the separation between the aliasing rings from the TK was smaller than the spatial resolution of the imaging system, making phase-unwrapping unreliable. However using the AK, one is able to visualize the Doppler shift from 45 kHz onward. Until Zone III, the AK was not able to accurately resolve the velocity information.
To further investigate the limits of the detection range of the AK in Zone III, we performed a modification of the gravity fed system that involved the addition of a substantial amount of force. Due to the nature of the experimental setup, the flow could not be accurately estimated nor is the flow expected to be laminar. The M-Mode image for this experiment can be seen in Figure 4 . As predicted, the AK was able to visualize a Doppler shift up until the system bandwidth of 1.6 MHz. However, note that both the structural M-Mode image, Figure 4A , which is the reflected intensity in dB and the AK M-Mode image, Figure 4B , have signal degradation in the center of the vessel due to the nature of the filters used in the signal processing. Based on the Doppler angle of 59
• and the 1.6 MHz shift, this corresponds to a visualized velocity of 1.5 m/s. The variance 3 of the TK was used to threshold the three regions.
Small Animal Model
In order to validate the practicality of the AK algorithm, it was utilized to image the aortic flow 10 of a male fischer rate. The data was acquired using an in vivo endoscopic DOCT probe 15 inserted through the esophagus. The procedures were performed in accordance with an institutionally approved animal utilization protocol. The endoscopic probe had an 82
• Doppler angle which was used for velocity calculation. Using a combined AK+TK result, M-Mode images was generated 10 that demonstrated the sensitivity to show aortic wall flexion upon the systolic crash as well visualization of non-aliased flow rates with a a peak velocity of over 1 m/s. This peak velocity is in good agreement with published literature for aortic flow velocities on sedated male fischer rats. 
CONCLUSIONS
Through phantom and in vivo experimentation, we have demonstrated that the AK is a viable method for detecting high flow rates using interferometric data. Using the three zone detection method, a time domain OCT system can now be used to image flow from the microcirculation and coronary vasculature in vivo, in real time, and with no additional hardware costs. A window size of N=M=32 was used and was found to be sufficient for this application. With an increase in the system bandwidth and sampling rate, the AK would be able to visualize aortic flow rates in a human patient.
Future Work
Prelimary data implies that the AK is a viable method for extending the flow detection rate on swept source systems as well. Since the a-scan rate is much higher on swept source systems, it is conceivable that there would only require a two-zone detection method with TK and AK frequency detection ranges overlapping.
Furthermore, out preliminary data suggests that the stationary backscattered frequency changes observed with the AK partially due to scatterer size effects such (e.g. Rayleigh or Mie scattering). As such, we are currently investigating the AK as a method for realtime spectroscopic OCT.
